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Available online 10 December 2013AbstractWater-soluble trace constituents affect the physicochemical properties of polar ice. Their structural distribution provides
important insights into the formation history of ice and inclusions. We report the first finding of KAl(SO4)2$12H2O (potassium
alum) and Al2(SO4)3$nH2O (aluminum sulfate) micro-inclusions in the Dome Fuji ice core, East Antartica, using a micro-Raman
technique. Eutectic temperatures of these water-soluble species determined using thermal analysis were 0.4 C for potassium
alum and 8.0 C for aluminum sulfate. Although the formation process of the aluminum-bearing sulfates remains unclear, the
occurrence of these salts largely depends on ice depth.
 2013 Elsevier B.V. and NIPR. All rights reserved.
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Bulk concentrations of water-soluble impurities in
polar ice have been relatively well documented as trace
constituents of ice cores using various analytical
methods, such as ion chromatography (e.g., Legrand
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http://dx.doi.org/10.1016/j.polar.2013.11.003generally been made on melted samples, which results
in a loss of structural and positional information in
relation to the water-soluble components. To overcome
this limitation, we have developed a technique for
analyzing inclusions in ice using micro-Raman spec-
troscopy (Sakurai et al., 2010a). Moreover, we have
determined the microstructural distribution of water-
soluble impurities in polar ice (Ohno et al., 2005,
2006; Sakurai et al., 2009, 2010b, 2011). The loca-
tion and chemical state of water-soluble impurities are
important for many aspects of polar ice research,
including: (1) understanding the post-depositionalreserved.
2 H. Ohno et al. / Polar Science 8 (2014) 1e9movement of chemical species (i.e., how the modifi-
cation of climate signals might occur) (Rempel et al.,
2001); (2) whether chemical forms might be new
climate proxies (e.g., the molecular structures of paleo-
aerosols) (Ohno et al., 2006; Iizuka et al., 2012a), and
(3) their effect on various physical phenomena in ice
sheets, including the electrical conductivity of ice
(Wolff et al., 1997), ice grain growth (Durand et al.,
2006), ice mechanical properties (Cuffey et al.,
2000), and nucleation of air clathrate hydrates (Ohno
et al., 2004, 2010).
Using Raman techniques, we have investigated
Dome Fuji Antarctic ice and GRIP Greenland ice, and
found that a considerable amount of water-soluble
impurities exist in the form of salt micro-inclusions
(Fig. 1), such as sulfates, nitrates, methanesulfonates,
and carbonates (Ohno et al., 2005, 2006; Sakurai et al.,
2009, 2010b, 2011). However, the chemical forms of
several salt species in ice cores remain unclear. Here
we identify unknown sulfates of two types that are
observed in the Dome Fuji ice as being KAl(-
SO4)2$12H2O and Al2(SO4)3$nH2O, and discuss their
stability in the ice matrix, origins, and implications for
ice core records.
2. Experimental methods
2.1. Micro-Raman spectroscopy
The Raman scattering technique is based on vibra-
tional molecular spectroscopy, which derives from an
inelastic light scattering process (Ferraro et al., 2003).
Vibrational spectroscopy is an excellent method for
substance identification because it provides fingerprint
spectra that are unique not only to each molecule, but
also to the molecule’s local structure and environment
(e.g., Haskin et al., 1997). Notably, vibrational spectra
of sulfates exhibit various distinctive featuresFig. 1. Optical images of micro-inclusions in the Dome Fuji ice sections. (a
crystal. (b) Dome Fuji ice from 2413 m. White arrows indicate micro-incldepending on their structure and composition (e.g.,
Fig. 1 of Ohno et al., 2005).
Chemical forms of micro-inclusions in polar ice
from Dome Fuji, East Antarctica, were investigated
using a Raman spectrometer (T64000; Jobin-Yvon
Ltd) with 1800 g/mm gratings (Plane Holographic
Package Aberration Correction Grating; Jobin-Yvon
Ltd), a CCD detector (Spectraview-2D; Jobin-Yvon
Ltd), and a microanalysis system (RSM-500; Jobin-
Yvon Ltd). Detailed information on the Dome Fuji
ice core is available in Dome-F Deep Coring Group
(1998). Experimental procedures for analyzing micro-
inclusions in polar ice with the Raman system have
been described elsewhere (Ohno et al., 2005; Sakurai
et al., 2010a). In brief, ice specimens of approxi-
mately 10  10  3 mm in size were cut from bulk ice
cores with a band saw. The upper and lower surfaces of
each ice section were then planed with a microtome to
prevent irregular light reflection at the surfaces. For
Raman analysis, ice specimens were fixed in a cold
chamber on a high-resolution (0.1 mm) xey translation
stage of a Raman microscope. Using the confocal op-
tics of the microscope, a micro-inclusion in an ice
section was targeted by white light microscopy, fol-
lowed by laser light (wavelength ¼ 514.5 nm) with
power of 20 mW (GLG3280; NEC Corp.) that was
focused on the target with a long working distance
objective lens with a focal length of 6 mm (M Plan
Apo 100; Mitutoyo Corp.). Backscattered light from
each micro-inclusion was corrected with the objective
lens and sent to the spectrometer. Raman frequencies
were calibrated using neon emission lines. The Raman
frequency accuracy was better than 0.5 cm1. The
sample temperature was maintained at 30  0.5 C
during measurements by regulating the flow rate of
cold N2 gas in the sample chamber. The laser spot size
was approximately 1 mm in diameter. The quantum
efficiency (sensitivity to light) of the detector system is) Dome Fuji ice from 1351 m. AH in the image denotes an air hydrate
usions analyzed by Raman spectroscopy (Fig. 2).
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depending on the sample. Raman spectra from in-
clusions were reproducible, although signal intensities
exhibited some slight variability due to uncontrolled
thermal drift of the sample during measurement (see
Fig. 2e and f of Ohno et al., 2005).
To identify micro-inclusions in the ice core, their
Raman spectra were compared with Raman spectra
taken from reference specimens of KAl(SO4)2$12H2O,
Al2(SO4)3$18H2O, and aqueous solutions of these
sulfates (1 wt.% for potassium alum and 10 wt.% for
aluminum sulfate) frozen at 20 C. KAl(-
SO4)2$12H2O (99.5%) was obtained from Wako Pure
Chemical Industries Ltd and Al2(SO4)3$18H2O
(98%) was sourced from SigmaeAldrich Corpora-
tion. We selected these components because micro-
inclusions with sulfur, potassium, and aluminum, or
with sulfur and aluminum were found during pre-
liminary elemental analysis by energy dispersive X-ray
spectroscopy (EDS) (not shown). The reference Raman
spectra were measured under the same experimental
conditions as those used for analyzing the micro-
inclusions in polar ice.
In this work, analysis was limited to particles
greater than micron-size, due to the resolution limita-
tions of visible light microscopy. However, our data are
useful for understanding general trends in salt
composition and distribution. Ohno et al. (2005, 2006)
estimated the amount of soluble ions in simple sulfate
inclusions with micron sizes, and showed that sub-
stantial portions of soluble impurities were from these
particles. Fujii et al. (2003) also reported that in the
Dome Fuji ice core, <10% of insoluble particles (dust)
were >1 mm in diameter, but accounted for >70% of
the total dust volume.
2.2. Differential scanning calorimetry
Differential scanning calorimetry (DSC) is a ther-
mal analysis technique that has been widely used to
measure heat flow associated with phase transitions in
materials as a function of time and temperature (Ho¨hne
et al., 2003). The heating scan of a frozen aqueous
solution provides information related to the thermo-
dynamic stability of secondary phases in the ice matrix
(e.g., Sakurai et al., 2010b).
To elucidate the thermodynamic stability of the
newly identified salt species, the melting temperatures
of these salts in the ice matrix were determined using
DSC (DSC8230; Rigaku Corp.) equipped with a liquid
nitrogen cooling system. Aqueous solutions of 1 wt.%
KAl(SO4)2$12H2O and 10 wt.% Al2(SO4)3$18H2Owere prepared by dissolving the desired amounts of
reagents in ultrapure water (18 MU cm). Approxi-
mately 1 mg of solution was placed in a sample pan
made of gold. Subsequently, the sample pan was sealed
using a sample encapsulation press to prevent sample
evaporation. After loading the sample pan into a DSC
cell, the system was cooled from room temperature to
60 C to induce ice crystallization and salt precipi-
tation. The sample was then heated to 25 C so that
scanning of the melting events could be conducted. An
extremely slow heating rate of 0.05 C min1 was used
for the KAl(SO4)2eH2O system to distinguish adjacent
two DSC peaks that result from salt melting and ice
fusion. In contrast, for the Al2(SO4)3eH2O system, a
heating rate of 1.0 C min1 was slow enough to
distinguish the two melting events. The DSC system
was calibrated for temperature using the melting points
of indium (156.6 C), water (0.0 C), and cyclohexane
(83.0 C). The temperature reproducibility of the
DSC measurements was <0.2 C.
3. Results and discussion
3.1. Identification of unknown sulfate salts
Figs. 2a and 3a show Raman spectra of previously
reported unknown salt inclusions that have been found
in Dome Fuji Antarctic ice (Ohno et al., 2005, 2006).
These spectra show clear features of sulfates (Figs. 2a
and 3a) as group frequencies, with SO4
2 having a
strong band from the symmetrical stretching mode at
955e1065 cm1 and weak bands from the degenerate
stretching and bending modes at 405e530, 580e680,
1080e1130, and 1140e1200 cm1 (Socrates, 2001).
The spectra shown in Figs. 2b and 3b are from the
surrounding ice, and show no significant peaks at these
wavenumbers.
The spectrum in Fig 2a shows an SeO symmetrical
stretching band as a doublet with wavenumbers of 974
and 991 cm1. As we have reported previously, no
simple sulfates with major cations, including sodium,
magnesium, calcium, and potassium, have such a
double Raman peak (see Fig. 1 of Ohno et al., 2005).
Our new results show that the reference spectrum of
KAl(SO4)2$12H2O (potassium alum) has exactly the
same structures for this strongest mode (Fig. 2c). The
split in the symmetrical stretching band for potassium
alum can be attributed to the fact that it comprises two
crystallographically different types of sulfate ions
(Barashkov et al., 2004). In addition, spectral features
of the other minor bands for the micro-inclusion and
that for the reference specimen are similar (Fig. 2a and
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Fig. 2. Raman spectra of Dome Fuji ice samples compared with
those of reference specimens. (a) Micro-inclusion in the ice core
from 1351 m (see Fig. 1a). (b) Surrounding ice. (c) Reagent KAl(-
SO4)2$12H2O. (d) Sample of 1 wt.% potassium alum aqueous solu-
tion frozen at 20 C. (e) NH4Al(SO4)2$12H2O (ammonium alum or
tschermigite) from Downs (2006).
c
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Fig. 3. Raman spectra of Dome Fuji ice samples compared with
those of reference specimens. (a) Micro-inclusion in the ice core
from 2413 m (Fig. 1b). (b) Surrounding ice. (c) Reagent K2SO4 from
Ohno et al. (2005). (d) Reagent Al2(SO4)3$18H2O. (e) Sample of
10 wt.% aluminum sulfate aqueous solution frozen at 20 C. (f)
Al2(SO4)3$17H2O (alunogen) from Downs (2006).
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present in the ice at Dome Fuji. KAl(SO4)2$12H2O
was also detected from the frozen aqueous solution
(Fig. 2d), indicating that the salt structure remains
unchanged in the ice matrix. Ammonium aluminum
sulfate also crystallizes in the alum-system NH4Al(-
SO4)2$12H2O, but ammonium alum (also known as
tschermigite) has a single peak for the SeO symmet-
rical stretching mode, which is unlike potassium alum
(Fig. 2e).
In the spectrum shown in Fig. 3a, the SeO sym-
metrical stretching mode gives a simple single peak at
984 cm1, but distinctive secondary twin peaks
attributable to molecular bending are apparent at
approximately 430 and 480 cm1 (Fig. 3a). Among the
simple sulfates previously investigated, potassium
sulfate has a similar symmetrical stretching frequency
at 984 cm1 (Ohno et al., 2005). However, the Raman
spectrum of K2SO4 does not exhibit the twin bendingbands noted above (Fig. 3a and c). In our previous
work on the distribution of sulfate salts and soluble
ions in Dome Fuji ice, we inferred that the spectrum
shown in Fig. 3a might reflect a high-pressure phase of
Na2SO4 (Ohno et al., 2006; Oswald et al., 2008).
However, our new results clearly show that the spec-
trum is identical to that of the frozen solution of
aluminum sulfate (Fig. 3e). Interestingly, the Raman
peak positions and shapes of the original
Al2(SO4)3$18H2O specimen (Fig. 3d) are significantly
different from those of the frozen solution sample
(Fig. 3e), indicating that a structural change of
5H. Ohno et al. / Polar Science 8 (2014) 1e9aluminum sulfate is induced by additional water.
Although it is known that Al2(SO4)3$17H2O (alu-
nogen) can naturally occur as a product of weathering
in pyrite and Al-oxide rich deposits (Anthony et al.,
1990), the spectrum in Fig. 3a is unlike that of alu-
nogen (Fig. 3f). The aluminum sulfate in the ice
(Fig. 3a and e), which herein we refer to as
Al2(SO4)3$nH2O, might have a higher hydration
number than 18 due to excess water molecules.
3.2. Stability of potassium alum and aluminum sul-
fate in the ice matrix
Fig. 4 shows DSC heating curves of the frozen
KAl(SO4)2eH2O and Al2(SO4)3eH2O systems. For
the KAl(SO4)2eH2O sample, a bimodal negative
(endothermic) curve was observed (Fig. 4a). The minor
peak at lower temperatures can be attributed to the
melting of KAl(SO4)2 salt, whereas the major peak can
be attributed to ice fusion. A similar result was ob-
tained for the Al2(SO4)3eH2O specimen, although the
melting curve of this salt was shifted to lower tem-
peratures by several degrees (Fig. 4b). From the onset
of salt melting, eutectic temperatures of potassium
alum and aluminum sulfate can be estimated as being
approximately 0.4 and 8.0 C, respectively.Fig. 4. DSC curves of frozen samples during heating scans. (a)
Sample of 1 wt.% potassium alum aqueous solution. (b) Sample of
10 wt.% aluminum sulfate aqueous solution.Compared with these measured eutectic temperatures,
field temperatures of the Dome Fuji ice core are low at
all depths (the temperature of the deepest ice core
sample from 2503 m was approximately 13 C;
Hondoh et al., 2002), suggesting that the observed salt
inclusions existed as solid phases in the ice sheet.
We now consider the stability of these salts in liquid
water, because chemical analyses of ice cores are
usually performed on melted ice samples. Both po-
tassium alum and aluminum sulfate have rather high
solubility in water (e.g., per 100 g H2O at 0
C ¼ 3.0 g
for potassium alum and 37.9 g for aluminum sulfate;
National Astronomical Observatory, 2011). Conse-
quently, these trace constituents are dissociated
(ionized) completely when melting polar ice
specimens.
3.3. Origin and formation process of potassium alum
and aluminum sulfate
Aluminum in polar ice is terrestrial material derived
from soils and mineral dust (Wolff et al., 2006). Nd and
Sr isotopic analyses indicate that the South American
region of Patagonia is the dominant source of East
Antarctica dust (Delmonte et al., 2008). However,
sulfate in central Antarctica mainly originates from the
oxidation of dimethylsulfide (DMS) produced by ma-
rine algae to sulfuric acid (Wolff et al., 2006). Potas-
sium in polar aerosol particles can be derived from
seawater (sea salts), minerals, and biomass burning
(Legrand and De Angelis, 1996; Legrand, 1997;
Jaffrezo et al., 1998). Although the main source of
potassium for inland Antarctica is poorly understood
because of the scarcity of data, observations regarding
the mixing states of potassium alum inclusions might
be useful in this regard. Assuming that sea salts are
major reactants for KAl(SO4)2$12H2O, potassium
alum is expected to coexist with sodium salts, because
potassium is present as Na-rich mixtures in sea salt
particles (Hara et al., 2013). In fact, the Raman signals
of the potassium alum and aluminum sulfate inclusions
mostly detected a single component (e.g., Figs. 2a and
3a) or were associated with CaSO4$2H2O, implying
that these sulfates are of non-sea-salt origin. Based on
this, it might be reasonable to infer that the KAl(-
SO4)2$12H2O and Al2(SO4)3$nH2O inclusions in
Dome Fuji ice were mainly formed through reaction
between terrestrial species, such as aluminum-
containing dust (e.g., alumina and aluminosilicate),
and emissions from combustion (e.g., K2SO4) and
biogenic sulfates. However, a possible contribution
from direct transportation of potassium alum and
6 H. Ohno et al. / Polar Science 8 (2014) 1e9aluminum sulfate from a crustal source cannot be
excluded. Potassium alum is a common sulfate mineral
in volcanic terrains, including the Patagonia region
(Jovic et al., 2011). Mineral aluminum sulfates in an
anhydrous form (millosevichite) and a heptadecahy-
drate form (alunogen) are also known. Their existence
is limited to extremely hot and dry regions such as coal
fire gas vents or environments without liquid water,
given its high solubility in water (Stracher et al., 2005).
There are three possible ways in which the terres-
trial dust can react with sulfuric acid aerosol to form
potassium alum and aluminum sulfate particles: (1)
during atmospheric transportation; (2) in firn; and (3)
in the ice. For sodium and magnesium sulfates, Iizuka
et al. (2012b) reported that sulfatization process are
mostly completed as aerosols incorporated into pre-
cipitation over Dome Fuji, or in the snowpack within
one year after deposition, as deduced from EDS
compositional analyses of aerosol-derived salts in
surface snow. However, little is known about the rates
of sulfatization of aluminum-containing dust in the
atmosphere and surface snow, due to a lack of exper-
imental data. Active formation of potassium alum and
aluminum sulfate particles in the polar ice matrix is
unlikely because microscopic observations of micro-
inclusions in Dome Fuji ice indicate that the number
and size of inclusions remain almost unchanged in the
ice sheet, at least in this depth range (Ohno et al.,
2006). However, these observations were limited to
particles larger than a micron.
The depth profile of the aluminum-containing sul-
fates (Fig. 5) is also enigmatic. The amount of reactant
dust increased dramatically during the glacial maxima
(Fujii et al., 2003) (at 576 and 1919 m in our samples),
whereas the non-sea-salt sulfate flux is considered to
have remained almost constant over the past several
hundred thousand years (Wolff et al., 2006). However,Fig. 5. Observed frequency of various salt species in 30 micro-inclusions, b
2006). Salt species in the chart were updated based on later studies (Genceli
The total frequencies at a given depth were not 30, as some inclusions co
respectively denote Termination-1, Last Glacial Maximum, and Glacial Mno correlation between the variation in dust content
and the distribution of aluminum-containing sulfates
was found in our measurements (Fig. 5). Another
factor to be considered is sample acidity, because
excess SO4
2 may be a necessary condition for sulfa-
tization with Al, presuming that sulfuric acid reacts
preferentially with sodium, magnesium, and calcium as
compared with aluminum. However, this does not
appear to be the case, as sufficient competing cations
of Naþ, Mg2þ, and Ca2þ existed for the neutralization
of all SO4
2 at 1746 m (i.e., no excess SO4
2; Table 1),
but considerable amounts of aluminum-containing
sulfates were detected at this depth (Fig. 5). Gradual
growth of Al2(SO4)3$nH2O particles in the ice sheet
may explain why aluminum sulfate was only detected
in deep ice (Fig. 5); however, this inference is not
supported by the observation that the number and size
of micron-sized salt inclusions were not significantly
modified during ice sheet flow (Ohno et al., 2006).
Further studies are required to elucidate the origin and
formation process(es) of the aluminum-containing
sulfate species.
3.4. Implications for ice core records
This study clearly demonstrates that the occurrence
of potassium alum and aluminum sulfate micro-
inclusions depends largely on ice depth (Fig. 5).
Although the mechanism of their formation remains
unclear, it is possible that the spatial (and temporal)
variation in the chemical forms of the aluminum-
containing sulfates is linked to some climatic factors,
such as a chemical reaction involving aerosols, as
demonstrated for sodium, magnesium, and calcium
sulfate species (Ohno et al., 2006). Iizuka et al. (2012a)
have shown from analyses of aerosol-derived sulfate
particles in Dome Fuji ice that a climatic couplingased on previously reported micro-Raman analyses (Ohno et al., 2005,
Guner et al., 2010; Sakurai et al., 2010b, 2011) and the present study.
ntained more than one salt or yielded no signal. T1, LGM, and GM
aximum.
Table 1
Soluble ion concentrations in deep ice from Dome Fuji as measured using ion chromatography. Measurement errors of the ion chromatography are
better than 0.01 mmol/L (Igarashi et al., 1998). Apart from Kþ, soluble ion concentration data were reported in Ohno et al. (2006). Age estimates
were taken from Hondoh et al. (2002).
Depth (m) Age (kyr BP) Cl (mM/l) MSA (mM/l) NO3
 (mM/l) SO4
2 (mM/l) Naþ (mM/l) Mg2þ (mM/l) Ca2þ (mM/l) Kþ (mM/l)
185 5.6 (Holocene) 2.10 0.08 0.46 0.99 1.84 0.17 0.16 0.24
362 12.0 (T-1) 2.48 0.15 0.20 0.96 2.15 0.20 0.26 0.13
576 24.7 (LGM) 5.36 0.19 1.62 2.48 5.29 0.89 1.55 0.25
1351 87.8 (early glacial) 1.08 0.12 0.28 1.73 2.45 0.35 0.29 0.17
1746 130.1 (interglacial) 1.03 0.21 0.25 0.99 1.34 0.29 0.27 0.21
1919 157.4 (GM) 5.25 0.28 1.89 2.32 4.67 1.01 1.82 0.28
2280 244.1 (interglacial) 0.79 0.07 0.20 0.88 0.45 0.14 0.20 0.11
2413 298.8 (early glacial) 3.08 0.13 0.45 1.74 2.42 0.48 0.37 0.19
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temperature. To further address this issue, additional
measurements of micro-inclusions must be carried out
with a technique that provides quantitative and statis-
tically robust information related to composition. We
are currently performing detailed analyses of
aluminum-containing sulfate inclusions after ice sub-
limation using scanning electron microscopy (SEM/
EDS) (Iizuka et al., 2009). Measurement of the total
water-soluble Al content, involving comparison be-
tween measurements of the same melted ice specimen
before and after filtration of insoluble particles using
inductively coupled plasmaemass spectrometry
(ICPeMS), may also be a fruitful area of investigation.
The influence of chemical forms on the mobility of
chemical climate proxies in ice cores is also an
important issue. Aluminum in polar ice has been used
as a specific crustal marker to evaluate the terrestrial
contribution to ionic compounds (De Angelis et al.,
1984, 1987; Legrand et al., 1988; Traveris et al.,
2004). Our results for Dome Fuji ice show that
aluminum can be fixed in the ice matrix as solid sol-
uble particles. However, at greater depths or in warmer
coastal ice with temperatures higher than the low
eutectic temperature of aluminum sulfate (ca.
8.0 C), the Al2(SO4)3eH2O system is present as a
liquid phase. Liquid impurities are considered to reside
along ice grain boundaries (Mulvaney et al., 1988;
Fukazawa et al., 1998), and might form a system of
veins along grain triple junctions (Nye, 1992). A
theoretical study has suggested that considerable
disturbance of chemical climate proxies can occur by
anomalous diffusion through such liquid veins
(Rempel et al., 2001).
4. Conclusions
Micro-inclusions of KAl(SO4)2$12H2O and
Al2(SO4)3$nH2O were detected in the Dome Fuji icecore using in situ micro-Raman measurements.
Considering the potential sources and mixing states of
the salt components, the potassium alum and
aluminum sulfate particles were probably formed by
chemical reactions between terrestrial species, such as
mineral dust, and combustion emissions with biogenic
sulfur aerosol. These salt species are water-soluble and
their eutectic temperatures in the ice phase, as deter-
mined by DSC analysis, were approximately 0.4 C
for the KAl(SO4)2eH2O system and 8.0 C for the
Al2(SO4)3eH2O system, suggesting that the observed
inclusions were naturally present as solids in the cold
Dome Fuji ice. However, the low stability of aluminum
sulfate in the ice matrix is important because it could
readily cause salt fusion in temperate ice and snow
pack, and might facilitate the subsequent movement of
chemical components used to infer past climate sig-
nals. Our observations show that potassium alum and
aluminum sulfate have characteristic distributions in
the ice core. KAl(SO4)2$12H2O was found at all depths
apart from the Holocene, termination-1, and penulti-
mate glacial maximum ice, whereas detection of
Al2(SO4)3$nH2O was limited to deep ice from depths
of 1746, 2280, and 2413 m. However, no climatic
parameter such as dust content or ion balance, or
physical processes such as salt growth in the ice sheet,
can adequately explain the spatial (and temporal)
variation of the distribution of these species. To further
ascertain whether these species have significant im-
plications for ice core records, more detailed in-
vestigations of their depth profile distribution are now
in progress.
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